Many experimental models have been developed to investigate the effects of mechanical stimulation of cells, but none of the existing devices can simulate micromotions at the cellular-mechanical interface with varying amplitudes and loads. Osteoblasts are sensitive to mechanical stimuli, so to study the bone-implant interface it would be important to quantify their reaction in a situation mimicking the mechanical situation arising at that interface. In this study, we present the development of a new device allowing the application of micromotions and load on cells in vitro. The new device allowed the cells to be stimulated with sinusoidal motions of amplitudes comprised between 75 and 750 mm; frequencies between 0.5 and 2 Hz; and loads between 50 and 1000 Pa: The device, with a total length of 20 cm; was designed to work in an incubator at 371C and 100% humidity. Expression of various bone important genes was monitored by real-time RT-PCR. Micromotions and load were shown to affect the behavior of osteoblasts by down-regulating the expression of genes necessary for the creation of organic extracellular matrix (collagen type I) as well as for genes involved in the mineralization process (osteocalcin, osteonectin). The developed device could then be used to simulate different mechanical situations at the bone-implant interface. r
Introduction
The presence of a fibrous tissue around orthopedic implants is associated with implant loosening as this tissue is unable to resist shear stress which occurs at the bone-implant interface (Hori and Lewis, 1982) . Two factors have been identified in the creation of this fibrous tissue, the presence of wear particles and the generation of micromotions at the bone-implant interface (Clarke et al., 1992; Goodman, 1994 ). The precise role of or correlation between these two factors in the tissue differentiation process remains to be determined (Aspenberg and Herbertsson, 1996) .
Micromotions are important in the fate of tissue differentiation. Jasty et al., found that micromotions lower than 40 mm favor bone formation, while micromotions higher than 100 mm lead to the creation of a fibrous tissue (Jasty et al., 1997) . Recent investigation has allowed the value and distribution of micromotions at the bone-implant interface to be estimated. It has been calculated that micromotions between 5 and 100 mm occur at the bone-hip implant interface during normal gait cycles (Ramaniraka et al., 2000) . The pumping action of the implant during gait cycle has also causes load fluctuation within the joint fluid. The pressure involved was between 2 Â 10 À3 and 0:1 MPa (Anthony et al., 1990) . It is of interest to quantify the effect of micromotions at different loads on osteoblasts, and to clarify if this mechanical stimulus affects bone formation through a negative impact on osteoblast function as it has been shown for particles generated at the interfaces of orthopedic implants (Pioletti et al., 1999) .
Many experimental models have been developed to mechanically stimulate cells including osteoblasts. A recent review has classified the different developed devices in function of their loading modality (Brown, 2000) . None of the devices described could simulate micromotions at the bone-implant interface with amplitudes varying between 10 and 100 mm and at different loads. Osteoblasts are sensitive to mechanical stimuli (Jones et al., 1991) , so it would be important to study their reaction in a situation mimicking the mechanical situation at the bone-implant interface. This study presents the development of a mechanical device that applies in vitro micromotions on cells at varying defined loads, and the use of real time RT-PCR to identify the expression of several important genes for bone when using this device.
Material and methods
A mechanical device was developed allowing micromotions to be performed between two surfaces (Fig. 1A) . Two constraints were needed in the development of the device to insure a proper mechanical stimulation of the cells. The first constraint was to impose a parallel alignment between the moving and resting surfaces. The resting surface consisted of a 1 cm 2 well containing the cells (Fig. 1B) . If a misalignment was present, cells tear out invalidating the experiment. The alignment constraint was achieved by placing a copper spider below the resting surface (Fig. 2) . The spider with the well containing the cells was inserted in a screw allowing the position of the well to be vertically adjusted (Fig. 3) . A pair of horizontal copper elastic strips supported the moving surface. Calibrated strain gauges were placed on the top and bottom of one horizontal elastic strip, which quantified the load between the moving and resting surfaces when the well was vertically adjusted. Because of its two articulations, the spider allowed the load to be uniformly distributed between the two surfaces. The second constraint was to precisely impose motions on the micrometer scale between the transmission of rotation motion to linear motion; 3. pair of vertical copper elastic strips; 4. pair of horizontal copper elastic strips; 5. clamp of the moving surface; 6. moving surface; 7. well containing the cells (resting surface); 8. copper spider; 9. screw allowing the position of the well to be vertically adjusted. (B) 1. moving surface; 2. resting surface which is a well on which cells are seeded; 3. cover of the well. Fig. 2 . Spider made of copper on which the resting surface containing the cells is placed. Due to its two articulations, an automatic alignment is obtained between the moving and resting surfaces when a load is applied. Fig. 3 . View of the screw containing the spider and the well to control their vertical position. The screw allowed load between the moving and resting surfaces to be adjusted. Strain gauges can be seen on the top and bottom of one horizontal elastic strip. The strain gauges allowed to quantify the load between the moving and resting surfaces when the well containing the cells was vertically adjusted. moving and resting surfaces. Due to the precision needed for these amplitudes of motion, no play was allowed in the motion transmission. This was accomplished by a pair of vertical copper elastic strips, so that when the rotation was generated by an eccentric cam it was transformed into a precise linear motion without any play. To precisely control the micromotions, the signal of a linear transducer displacement placed on the moving surface was used in a feedback loop based on a PID. The centers of the moving and resting surfaces were aligned in the design of the device and defined the initial position before applying the displacement. It was then possible to impose, between the two surfaces, sinusoidal motions with amplitudes comprised between 75 and 750 mm; frequencies between 0.5 and 2 Hz; and loads between 50 and 1000 Pa: The device, with a total length of 20 cm; was designed to work in an incubator at 371C and 100% humidity. The moving and resting surfaces were made of stainless steel grade 304. Before use, the well and the moving parts were carefully washed with a soft brush. The pieces were then rinsed with ultrapure MQ water. The practice for surface preparation of surgical implants involves a nitric acid passivation treatment based on the ASTM F86 protocol using 30% nitric acid for 1 h (ASTM F86, 1999). This protocol was followed for each experiment. Finally, the pieces were rinsed several times with sterile ultrapure MQ water before being autoclaved. To evaluate for contamination an endotoxin assay, Limulus Amebocyte Lysate (BioWhittaker, Emerainville, France), was performed, which revealed no contamination with lipopolysaccharides (LPS) was present.
MG-63 osteoblast-like cells (ATCC, Rockville, MD) were seeded on the well (Fig. 1B) at a concentration of 100; 000 cells=cm 2 : The cells were incubated for 4 h before load was applied. Three assays were performed: (1) 0 Pa; 0 mm (control); (2) 500 Pa; 0 mm; (3) 500 Pa; 75 mm: The micromotions followed a sinusoidal function of 1 Hz: Cell viability and gene expression analysis were performed at 24 h: For the cell viability, cells were simultaneously double stained using fluorescein diacetate for live cell and propidium iodide for dead cells (Jones and Senft, 1985; Pioletti, et al., 1999) . For the gene expression, total RNA was isolated and purified with RNeasy columns (Qiagen, Basel). The isolated RNA was reverse transcripted to cDNA with the StratScript enzyme (Stratagene, San Diego, CA). Quantitative real time RT-PCR (ABI Prism 7700, Applied Biosystem, Foster City, CA) was used to measure the gene expression of procollagen type I a1 chain, procollagen type I a2 chain, osteocalcin, osteonectin and 18S using Amplifluor Universal Detection System (Intergen, Purchase, NY). Use of the housekeeping gene (18S) allowed for normalization of the different samples and comparison of their gene expression. The control allowed for further normalization of gene expression. Each assay was performed three times with gene expression analysis in duplicate. A two-way ANOVA tests was used followed by a Fisher leastsignificant difference test.
Results
The cell viability was not affected by the different loading condition (Table 1 ). The mechanical stimulations significantly ðpo0:05Þ induced a down-regulation of the tested genes except for the osteocalcin at 10 mm (Fig. 4) . Load alone was more potent to down-regulate the tested genes than load with micromotions. It was also interesting to note that load alone differentially modulated the gene expression of collagen type I with a significantly more important effect on the a1 chains as compared to a2 chains.
Discussion
Micromotions at the bone-implant interface have been shown to play an important role in the outcome of orthopedic implants (Goodman, 1994) . There was no previously developed device, which could simulate micromotions at the bone-implant interface with amplitudes varying between 10 and 100 mm and at different loads. In the present study, a mechanical device was developed, which successfully stimulated the osteoblast-like cells. The mechanical stimuli applied on the cells clearly affected their gene expression despite no effect was found on the cell viability. Combination of load and micromotions, which has been shown to occur at the bone/implant interface (e.g. Ramaniraka et al., 2000) , differentially modulated the gene expression compared to load alone. These results demonstrated the usefulness of the developed device. Unlike other devices having only one mode of mechanical stimulation (Brown, 2000) , the developed device allowed both micromotions and load to be applied on cells.
In the present study, the two contact surfaces were made of stainless steel, which does not match the clinical situation for a hip implant where material as stainless steel would be in contact with bone. The results obtained in this study are only an indication of possible effects produced by micromotions and load. The two surfaces have a flatness of 72:5 mm: The MG-63 cell height is 20 mm (Shin and Athanasiou, 1999) . The cells are then directly stimulated with the developed device. Based on the value of compressive modulus ð2:05 kPaÞ for the MG-63 obtained with a cytoindentation technique (Shin and Athanasiou, 1999) , these cells could experience a nominal compressive strain of 25%. The modulus value obtained by Shin was based on assumption of small strain and linear elasticity. It is likely that the value of modulus increases at higher strains. Therefore, the estimation of 25% compressive strain is probably an overestimation of the strain experienced by the cells. It should be mentioned that the cell layer is not of uniform thickness with the maximum height over the cell nucleus. The corresponding nominal compressive strain is then not homogeneously distributed in the cells.
When the cells were collected after 24 h of stimulation, it was observed that they were either attached to the moving or resting surfaces. This fact strongly suggests that cells adhere to the two surfaces during the mechanical stimuli. Based on the cell height of 15 mm corresponding to the 20 mm minus the 25% compressive strain, the 10 mm sliding motion induces a 75% shear strain. This value may seem very high for ''usual engineer material'', however, this kind of value may be supported by cells (e.g. Caille et al., 2002) .
The osteoblast is mainly a secreting cell producing large quantities of type I collagen, which contains two identical a1 chains and a structurally similar, but genetically different, a2 chain (Termine and Gehron Robey, 1996) . Load alone was shown to downregulate gene expression of the a1 chain more than the a2 chain. This unbalance between a1 and a2 chains gene expression might change the production of collagen protein and therefore could affect the mineralization process. Osteocalcin and osteonectin are important osteoblastic markers (Lian and Stein, 1996) , which are involved in the bone mineralization process differently (Ducy and Karsenty, 1998; Termine and Gehron Robey, 1996) . In the present study, differences in osteocalcin and osteonectin gene expression were found after 24 h; suggesting that the applied mechanical stimuli may inhibit the normal mineralization process.
MG-63 cells have already been shown to be sensitive to mechanical stimuli. Stretching these cells for only 30 min stimulated not only the expression of c-fos, but also the expression of BMP-2 and BMP-4 and their receptor gene, ALK-3 (Sakoda et al., 1999) . It should be noted that the sensitivity to mechanical forces may be different during the different stages of the osteoblast life (Kaspar et al., 2000) . MG-63 cells are considered as relatively immature osteoblasts with respect to their low production of alkaline phosphatase. It would then be interesting to repeat the experiments with more mature osteoblasts.
The new device was developed to mimic the situation at the bone-implant interface and to quantify the corresponding cells reaction. Micromotions and load were shown to affect the behavior of osteoblasts by down-regulating the expression of genes necessary for the creation of organic extracellular matrix (collagen type I) as well as for genes involved in the mineralization process (osteocalcin, osteonectin). Lending evidence that the formation of fibrous tissue around orthopedic implants could be due to an osteoblast gene modulation induced by mechanical stimulation. 
